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Abstract. Aluminium alloys are the predominant materials in modern industries. Increased 
knowledge about the surface characteristics of bare aluminium can enhance the understanding about 
how to optimize the working conditions for the equipment involving aluminium parts. This work 
focusses on the properties of native surface of aluminium alloy 8011, which is the main 
construction material for the production of air-to-air heat exchanger fins. In this study, we address 
its water wettability, surface roughness and frost formation in different psychometric parameters. 
The contact angle measurements revealed that this aluminium alloy exhibits a relatively high 
contact angle of about 78 degree, i.e. is not wetted completely. AFM measurements revealed 
significant surface roughness of typical heat exchanger fins.  The thickness of formed frost was 
studied in relation to the wettability, humidity and the cold surface temperature. 
Introduction 
Aluminium alloys are the predominant materials in outdoor structures like electrical cabling, in 
aircraft industries and in ventilation system such as in heat exchanger production. It is widely used 
because of its relatively low cost, light weight, high heat conductivity and proper corrosion 
resistance. Aluminium alloys can be heat treated and loaded to relatively high stress levels 
[1][2][3].In cold conditions at temperatures below the dew point of water, formation of frost is 
inevitable and can cause serious malfunctions of the equipment. [4]. Aluminium alloy surface 
characteristics such as its roughness, contact angle and wettability play an important role for 
applications in cold working conditions. Frost formation and frost accretion is related to the 
wettability of a surface, which can be described by the contact angle that a liquid droplet form on 
the solid surface, is related to the surface morphology and surface chemistry[5][6][7][8]. 
There are two models for describing the relation between the surface morphology and the contact 
angle the Wenzel and Cassie-Baxter models[9][10][11]. 
If the liquid penetrates through the surface roughness and is in full contact with the solid surface, 
the contact angle is described by Wenzel’s equation. On the other hand, if the water remains 
suspended on top of the rough surface and air is entrapped below the liquid, the contact angle is 
described by Cassie’s state of wetting. It means that the effect of surface morphology on the contact 
angle is described by the Cassie-Baxter model[12]. 
Frost formation on the surface of aluminium alloy is an important topic of research and much 
significant prior research has been carried out to understand frost growth on a flat plate. In this 
paper, the frost formation on top of the aluminium samples in different psychrometric parameters 
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such as air temperature, humidity and surface temperature is investigated in addition to the surface 
characteristics of aluminium plate samples. 
Frost growth is divided into three main steps which are: crystal growth period, frost layer growth, 
and frost layer full-growth period. During the first stage, the ice crystals grow away from the cold 
surface and they are far apart and show little interaction. In the second stage, as the process 
continues, the crystals grow, branch out and meet together to form a layer and frost is characterised 
as "frost layer growth". In the "full-layer frost growth", the surface temperature of the frost reaches 
0oC and continuous cycles of melting and refreezing occur at this temperature which is the reason 
for increasing the frost layer density. These categories for frost growth are introduced first by 
Hayashi et al 1997 and then also observed by other researchers [13][14][15]. 
 In frost formation and deposition on a surface psychrometric parameters such as air temperature, 
velocity, humidity and surface temperature  have an important impact on the frost formation 
process, its nucleation and growth, and also on frost properties such as density and 
thickness[6][16][17]. 
Besides these psychrometric parameters, surface conditions such as surface temperature, roughness, 
drop adhesion to the surface and consequently the contact angle are also important parameters for 
frost formation [18]. It has been shown that frost formation is a heterogeneous nucleation process 
that is mainly influenced by the contact angle[19].Frost thickness which can block the air passage 
and increase the thermal resistance between air and the cold surface is the most important parameter 
in this frost formation study. The research results showed that the frost layer thickness increases 
during the frost formation process while the growing speed decreases gradually. However, it should 
be noted, that by increasing the air humidity or decreasing the temperatures of the cold surface and 
air, the frost growth can be increased[15]. 
Increased knowledge about the bare aluminium surface characteristics can enhance understanding 
how to improve working conditions for aluminium equipment and decrease manufacturing and 
maintenance costs. In this paper, we address surface wettability of untreated aluminium alloy 8011, 
which is one of the most common materials for air-to-air heat exchanger fins. To the authors’ 
knowledge, the surface characteristics of this aluminium alloy have never been addressed in 
connection with its application in heat exchangers 
Material 
Aluminium alloy 8011 with chemical composition according to Table.1, which is used for the 
production of heat exchangers, was used in this study. Aluminium sheets were plain, single rolled 
with a thickness of 0.25 mm were cut into test samples of 15× 15 mm2. Samples were degreased in 
an ultrasound cleaner in a process consisting of 10 min in an acetone bath, then 10 min in DI-water 
and finally 10 min in an ethanol bath. The samples were then dried under an N2 stream and put in 
an oven at 110 C° over night for drying. 
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Table 1: Chemical composition  of Aluminium alloy 8011 according to EN 573-3. 
 
 
Methodology 
Contact angle measurement. Contact angle measurements were made by means of homemade 
computer-controlled sessile drops stage. Milli-Q water was supplied via a micro tube on the surface 
at room temperature of 24 C° with the fluid rate of 6 µL/min. The shape of contact angles were 
recorded by CCD camera over time and the images were interpreted and analysed by Drop Snake 
software (plugin for Image J software)[20]. The reported contact angle data were determined by 
averaging values measured at 3 different points on 4 samples.  
AFM. The surface roughness morphology was measured and visualised by atomic force 
microscopy (NTEGRA Aura, NT-MDT Co.) in intermittent contact mode using Olympus OMCL-
160TS cantilevers (Asylum Research). The RMS roughness for each group of samples was 
calculated as an average value of the measurements carried out over 3 areas on 3 samples. The 
AFM images were analysed using WSXM software [21]. 
Observation of the frost formation. A dedicated chamber was assembled to allow full control of 
the frost formation parameters, including airflow, air humidity, surrounding temperature and cold 
surface temperature of the test section. The experiments were performed in a clean room to ensure 
low concentration of polluting gases and particles. Air supply system in the clean room involved 
extensive air filtration using a F7-class filter, a charcoal filter followed by a second F7-class filter 
and finally a HEPA filter. Frost formation on the sample was monitored by a CCD camera. The 
recorded images were interpreted and analysed after each test and the thickness of the frost was 
calculated for each sample. Fig. 1shows a schematic picture of the test setup. It should be noted that 
due to the random nucleation on the surface, the frost layer is not flat. To account for this, several 
measuring techniques have been developed [22]. In the presented data, the frost thickness was 
measuring in at least 10 points on each sample using side images acquired with a CCD camera. 
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Fig.1: Schematic picture of the test setup for frost formation 
 
Result and discussion 
The measured RMS roughness of aluminium alloy samples by AFM was 84.05 nm with a 95 % 
confidence interval of 16.65A typical example of the observed surface morphology is shown in in 
Fig.2.. 
 
 
 
 
 
 
 
 
 
The contact angle measurement on the surface of the samples showed that the water drop forms a 
contact angle of 78° on the untreated surface of aluminium alloy 8011.The measured amount is a 
significantly high contact angel since aluminium alloys are considered to be high surface-energy 
materials and they were expected to be hydrophilic with a low contact angle and be completely 
wetted. This can be explained by the fact that the exposure of aluminium surface to the atmosphere 
causes hydrophobic organic contamination and hence the water contact angle on its surface is 
increased. This observation was in line with the other observations and also in line with other clean 
metal surfaces,[23][24].Due to its high roughness and the air pocket structure in its surface, it 
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Fig.2: A typical topography of native aluminum alloy 8011 imaged with an AFM ((a) and (b) 
show 2D and 3D representations of the same image). 
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follows the Cassie-Baxtermodel and has a large contact angle. The rough surface of aluminium 
entraps air in the gaps and forms a composite surface of air and solid material. The entrapped air 
under the liquid reduces the interfacial contact area between the solid surface and the liquid which 
leads to a higher water contact angle[5][25][23][24]. 
On the other hand, such a rough and inhomogeneous surface also leads to the pinning of the contact 
line during evaporation of the droplet. Fig.3shows that the three-phase contact line remained pinned 
and that the contact angle decreased constantly after the initial stage of evaporation with a constant 
advancing contact angle. A similar phenomenon has been observed by Shanahan and Bourgès-
Monnier who noted that the surface roughness makes it impossible to introduce a specific value of 
the receding contact angle due to the constant decrease of the contact angle and the height of droplet 
till the moment of total evaporation of the droplet[26]. Bormashenko et al. also observed this 
phenomenon on aluminium and steel surfaces [24].  
 
Fig.3: Receding contact angle of an evaporating sessile drop on the surface of aluminium alloy 
8011 
 
The thickness of the frost formed on top of the aluminium alloy samples after 5 and 10 min is 
shown in Fig.4 for three different values of relative humidity. As, it can be seen at a constant 
humidity, the frost thickness increases over time. 
 
 
 
 
Fig.4: Thickness of the frost formed on top of the samples after a) 5 min and b)10 min at 
different humidity 
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The density of the formed frost at relative humidity of 50%, 65% and 100% is shown in Fig.5.It can 
be seen that the frost density decreased upon decrease in cold surface temperature. This observation 
is in line with previous works and researches [27][13][22]. 
 
 
Fig.5: The density of formed frost on top of the samples at different humidity 
 
Fig.6 shows that the frost formation can indeed be divided into three main stages. In the beginning 
of process, individual ice crystals nucleate on the cold surface(see Fig.6.a),then these crystalsgrow, 
with approximately the same rate, in a direction perpendicular to the surface, see Fig.6.b. Over time, 
the crystals branched out, collide and grew in a direction parallel to the surface direction forming a 
layer of frost, seeFig.6.c. This observation was in line with the steps that reported by Hayashi et al. 
(1977). 
 
 
 
 
 
 
Fig.7 shows that increasing the humidity of the air stream clearly increased the frost deposition rate 
Since by increasing the humidity the mass transfer rate will be increased and the mass of deposited 
frost will be increased. 
 
Fig.6: Frost formation images at a humidity of 65% and at -8 C° a) in the beginning nucleation, b) 
after 5 min, and c) after 10 min viewed from the edge of aluminum plate 
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Fig.7: Frost deposition (milligram) at different humidity and cold surface temperatures 
 
Conclusion 
The studies of wetting characteristics of the native surface of aluminium alloy 8011 revealed that 
this surface exhibit a relatively high contact angle of 78 °C. This result can be explained by a 
significant roughness of the native surface of the alloy (shown by AFM measurements) in 
combination with inevitable surface contaminations common for high-energy metal surfaces. As we 
found in our previous publication [5].Such a combination of parameters should lead to Cassie-
Baxter behaviour, where the interface between the water droplet and aluminium includes patches of 
trapped air. In this case a simple further roughening of the surface can make it stably hydrophobic 
which may be essential for alloy application in heat exchangers and outdoor equipment. Our 
measurements also provide an insight into the receding behaviour of water droplet on the alloy. It 
was observed that upon drying of a droplet the three-phase contact line remained pinned and the 
contact angle decreased constantly. Further, this paper experimentally studied the local frost 
formation process on a cold surface of aluminium alloy 8011 at different air humidityand cold 
surface temperatures.  
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